Abstract-Conventional generators in wind-diesel hybrid remote-area power supply (RAPS) systems are likely to be heavily stressed during frequency disturbances due to poor frequency response of power electronic interfaced wind energy conversion systems (WECSs). Hence, it is imperative for the WECS to provide frequency support during frequency excursions. However, existing frequency control strategies are slow and will also impose severe mechanical/electromagnetic stress on WECSs. In this paper, frequency response strategies for the PMSG-based WECS are explored, and an enhanced frequency response strategy is investigated to regulate the RAPS system frequency jointly with the integrated ultracapacitors. The proposed short-term frequency response strategy utilizes a virtual inertial technique along with the supplementary droop control. Suboptimal power-point-tracking is also implemented at the PMSG to improve the active power reserve. The enhanced frequency response strategy can regulate the RAPS system frequency while alleviating high rate-of-change-ofpower, and thus stresses on both the conventional generator and PMSG under frequency disturbances. Proposed control strategies are validated by both simulations and experiments.
growing interest in renewable power generation, most of the RAPS systems now deploy renewable generators; hence, it has imposed challenging operation and control issues in modern RAPS systems. For example, power electronic based renewable generators are isolated from grid dynamics; hence, reduction in system inertia imposes additional burden on the existing synchronous generators such as diesel generators to regulate system frequency and ultimately leads to system frequency instability [3] . Consequently, there is an urgent need for renewable generators such as wind energy conversion systems (WECSs) to participate in the frequency regulation in combination with conventional synchronous generators.
Frequency support capability of a doubly fed induction generator (DFIG) based WECS has been widely investigated in the published literature [3] [4] [5] [6] . However, the power electronic converters of the DFIGs are normally designed to be operated at only 20%−30% of the full rating of the generator; the turbine rotor speed is generally within the range of 0.67-1.33 p.u. [6] and the design constraints (e.g., the maximum available power output) limit the frequency response capability of the DFIGs. In particular, when rotor speed control is applied to "deload" [7] the WECS in order to reserve a part of the available wind power, which is referred as suboptimal power-point-tracking (SOPPT) control by Tan et al. [3] , the rotor speed is intentionally increased above or decreased below the optimal rotor speed at the maximum power point (MPP). Hence, the "deloaded" control requires a wider rotor speed range. A permanent magnet synchronous generator (PMSG) based WECS also utilizes power electronic converters, which enables the wind turbine to operate in a variable speed mode and maximize the energy extraction from the wind. Unlike the DFIG whose stator is connected to the grid directly, a PMSG is totally decoupled from the system frequency by the fully rated back-to-back converter scheme. Consequently, the PMSG presents no natural frequency response under a frequency event, whereas DFIGs are capable of providing limited inertia response [8] . Furthermore, the fullscale power converter enables the PMSG to operate in a wider rotor speed range [9] , which benefits the frequency response. Therefore, it is worthwhile to further explore the frequency response capability of the PMSG.
The remainder of the paper is organized as follows. Limitations of previous research works are discussed and main contributions of the current paper are summarized in Section II. Section III introduces the architecture of the hypothetical RAPS system considered in this study. Modeling of main system components is also presented in Section III. In Section IV, a comparative analysis is carried out to investigate various frequency response strategies used for the PMSGs. The short-term frequency response controller using an ultracapacitor (UC) is also introduced in Section IV. Section V presents some simulation results and discussions, whereas Section VI provides the details of an experimental study. Conclusions are drawn in Section VII.
II. LIMITATIONS IN EXISTING CONTROL STRATEGIES AND TECHNICAL CONTRIBUTIONS
Kinetic energy stored in the rotating mass of the PMSG can be extracted to provide frequency response, which can be comparable with the frequency support from a conventional synchronous generator in terms of the improvement in the rate of change of frequency and frequency nadir [10] . In [11] , a PMSG-based WECS exports constant power when available wind power exceeds a particular percentage of the rated power, and hence an energy reserve is established. With the power reserve, the WECS changes the power output using a droop control technique, when power imbalance between generation and load demand occurs. However, considering the randomness of the wind speed and the resulting unreliable energy reserve, the participation of the WECS in load sharing with droop control may cause stability problems. In [12] , a general frequency regulation strategy was proposed for a variable-speed WECS, which is applicable for both the DFIG and the PMSG. This strategy is capable of supplying both transient frequency support and permanent frequency response in an islanded power system.
Above-mentioned research studies [10] [11] [12] placed limited emphasis on the mechanical/electromagnetic stress on the WECS caused by fast mechanical power extraction. Due to the fast responsive nature of the power electronic converters, the PMSG rapidly regulates frequency fluctuations in the RAPS system while imposing significant stress on the mechanical/electrical components of the PMSG. For example, the frequent abrupt torque variations will increase operation and maintenance cost of the drivetrain, particularly when a gearbox presents in the drivetrain system. The long downtime due to the drivetrain failure will cause significant economic loss to the wind farm owner [13] . In order to address this problem, a limit on the rate of change of power (ROCOP) is set for the variable speed WECS to reduce mechanical stresses on the drivetrain as suggested in [14] . However, the limits sets on ROCOP compromise the frequency response of the WECS; hence, it will adversely affect the RAPS system frequency stability. Moreover, in the scenario when a mechanical power reserve (e.g., kinetic energy) is used as a frequency response reserve, a second frequency event can be produced by the mechanical energy restoration after the initial frequency disturbance. The second frequency event slows down the frequency recovery, and thus advanced techniques are required to end the frequency support from the wind farm [10] . Therefore, it is imperative to design a robust frequency regulation strategy for the PMSG, when deployed in RAPS systems with significant frequency excursions.
The UC is featured with low energy density, high power density, and fast charge/discharge rates [15] , which qualifies the UC as an ideal storage for providing short-term frequency response. In [16] , the UC is integrated into the DFIG to smooth the wind power fluctuations and enhance the low-voltage ride-through capability. A combination of battery and UC is used for the power management in a DFIG in [17] . The UC responds to a high-frequency component in power fluctuations to mitigate ripple current components in the battery. The UC has also been utilized in the PMSG. In [18] , a probabilistic method is proposed to determine the capacities of the battery energy storage system and UC to limit the wind power fluctuation within a certain value. A similar study is carried out in [19] , but zincbromide flow battery and lithium-ion capacitors are used as a hybrid storage system to constrain the wind power output ramp rates. Few research works explored the effects of the UC on the transient performance of the WECS.
In this paper, a UC bank is integrated into the dc-link of the PMSG to establish a frequency response reserve instead of using kinetic energy stored in the rotating mass of the PMSG. Hence, the PMSG can participate in frequency regulation without bringing the mechanical/electromagnetic stress on the PMSG. Moreover, the power output dips during the frequency recovery; thus, a second frequency event can also be avoided. The short-term frequency response controller includes virtual inertial control and a supplementary droop loop with a wash-out filter. The power reserve established using SOPPT is utilized to maintain the state of charge of the UCs, which improves the availability of the frequency response.
III. RAPS SYSTEM MODELING

A. RAPS System Architecture
An RAPS system consisting of a diesel generator and two PMSGs is used as the test system (see Fig. 1 ) to investigate the performance of proposed control strategies. The motivations, when this RAPS system architecture is applied, are threefold: first, frequency variations are more frequent and higher in magnitude for such isolated systems with a small generating capacity. Second, instead of having an infinite bus to generate a frequency event passively to observe the frequency response of the PMSG, the frequency dynamics and the contribution of the PMSG to the system frequency regulation can be easily observed and determined using such a moderately sized RAPS system. Third, this architecture also represents the laboratoryscale RAPS system, as presented in Section VI. Such RAPS system architecture has also been widely used in the literature to test the frequency response controllers [5] , [20] [21] [22] . The 11 kV network parameters marked in the diagram shown in Fig. 1 are obtained from [22] .
B. Diesel Generator
The diesel generator is used to improve the reliability of the RAPS system and regulate the system voltage within the stipulated limits (e.g., 1 ± 5% p.u.), while fulfilling the reactive power requirement of the RAPS system. Moreover, the diesel generator is operated with droop control to support the system frequency. Generally, droop settings for generators in power systems are in the range of 3%-6% [6] . In this RAPS model, the droop coefficient for the diesel generator is set at 3.125% (i.e., 2 MW/Hz). The dynamic models and parameters for the diesel engine governor, synchronous machine, and its exciter are obtained from [23] .
C. PMSG-Based WECS
A detailed model for the PMSG is used in this paper and the main control diagram is shown in Fig. 2 . The machine-side converter (MSC) of the back-to-back converter scheme is an uncontrolled diode-bridge that rectifies the three-phase voltage produced by the PMSG. The output dc voltage of the MSC is coupled to the dc-link through the boost converter. The grid-side converter (GSC) consisting of a full controlled bridge inverts the dc-link voltage and interfaces with the grid through the filter. The GSC is controlled in the grid voltage oriented reference frame with the d-axis aligned with the grid voltage. Hence, the d-axis component and q-axis component of the output current can control the active and reactive power exchange, respectively, with the grid. Since the diesel generator fulfills the reactive power demand in the RAPS system, the PMSG is operated at the unity power factor mode. The UC bank is mounted on the dc-link through a bidirectional dc/dc converter. The advantage of this configuration is that no additional inverter is required to connect the UC to the grid. A sophisticated UC model is capable of modeling both the short-term and long-term behavior of the UC [24] , [25] such as the three-RC-branch model proposed in [26] . Since the current study focuses on the short-term frequency response that is within the time frame of seconds, the equivalent circuit of the UC is presented as a classical model consisting of a series connection of resistor and capacitor [18] , [27] . The model is also shown in Fig. 2 . The variables used for corresponding control are in per unit.
WECSs are generally operated under a maximum-powerpoint-tracking (MPPT) strategy to maximize the wind energy extraction. As shown in Fig. 3 , the solid red curve indicates the typical MPPT curve of the wind turbine used in this study, and the curve can be fitted to the third-degree polynomial represented by
where P * m is the wind turbine power output reference, and ω r is the rotor rotational speed.
In order to enhance the frequency response provided by the WECS, a fraction of the available wind power should be reserved in the wind turbine. Therefore, instead of operating the PMSG under MPPT, the PMSG is deliberately operated below its MPP, which is referred by Tan et al. as SOPPT [3] . In this study, a delta control approach [12] is used to maintain a constant power reserve of 0.01 p.u. (based on the active power rating of the wind turbine). As it can be seen from Fig. 3 , the SOPPT curve with 0.01 p.u. power reserve can be on either side of the typical MPPT curve. The right side SOPPT curve, as indicated by a green dashdotted line in Fig. 3 , is chosen in this study. The reason is that the kinetic energy is released to enhance frequency response when the wind generator is providing frequency support by lowering its rotor speed and thus increasing the power output. The right side SOPPT curve can be fitted to the polynomial as
IV. PROPOSED FREQUENCY RESPONSE STRATEGIES
As it can be seen in Fig. 2 , the MSC is not controllable and the GSC is responsible for maintaining the dc-link voltage constant while controlling the power factor of the WECS. Hence, the fre- quency response control mainly relies on the control of the boost converter between MSC and GSC, and the bidirectional dc/dc converter coupling UC to the dc-link. The frequency response strategy developed by using these two converters is discussed in following sections.
A. Frequency Response Strategy Using the Boost Converter
By controlling the current (I L 0 ) flowing through the inductor L 0 , the power output from the wind turbine (i.e., P m = V 0 I L 0 , where V 0 is the voltage across the MSC side capacitor) can be regulated. As a result, the frequency response from the WECS can be achieved. The detailed algorithm for controlling the boost converter is presented in Fig. 4 .
Wind turbine power output reference (P * m ) is generated by the tracking curves as shown in Fig. 3 in accordance with the rotor speed. Wind turbine power output is controlled by the power regulator fed by the error between the wind turbine power output reference and the actual power output. The power regulator generates the inductor current reference (I * L 0 ) for the current regulator. The duty cycle (D) of the boost converter is produced by the current regulator under the constraint of duty-cycle limits (i.e., [D min , D max ]). With the typical frequency response control mechanism using virtual inertial control and droop control, as shown by (3) and (4), respectively, additional terms (i.e., ΔX H and ΔX D ) reflecting the frequency changes are added into the controller:
where f 0 is the RAPS network frequency, f nom is the system nominal frequency (i.e., 50 Hz), and k H and k D are the inertial control and droop control coefficients, respectively. The techniques used for determining the coefficients are discussed in [3] , for example, K H can be set as twice the inertia constant of the WECS. The settings for simulation and practical tests in this study are listed in Tables I and II of Fig. 4 ), or 2) the error between inductor current reference and actual inductor current (i.e., Branch 2 in Fig. 4) . The frequency response obtained through 1) and 2) is different and further discussed as follows.
1) Long-Term Frequency Response:
When the inertial and droop terms are added to the error between the wind turbine power output reference and actual power output, the inductor current reference can be determined using a proportionalintegral (PI) controller as
where k P 1 and k I 1 are the proportional gain and integral gain of the power regulator, respectively. Since no modification is required for the power regulator design, existing regulator parameters can be used. An example is taken to illustrate the operating principle of the long-term frequency response. The WECS is assumed to be originally operated at point A (ω rA , P mA ) as shown in Fig. 3 . A sudden frequency dip contributes to the increase in inductor current [as given by (5)] and power output from the WECS, and the rotor speed decreases due to the release of kinetic energy. For instance, the wind turbine operating point shifts to point B(ω rB , P mB ) in Fig. 3 . Meanwhile, the decrease in rotor speed causes the turbine power output reference to decrease along the tracking curve to point C(ω rC , P * mC ). Hence, the negative active power error (i.e., P * mC −P mB ) tends to bring the rotor speed back to the original point A by lowering the inductor current, thus the power output. However, due to the presence of the droopbased frequency response control term (i.e., ΔX D ) acting on the frequency deviation, the negative power error can be cancelled out, and the system stabilizes at the new steady-state point B where
If secondary frequency control is not implemented to bring the frequency back to a nominal value, the WECS changes its power output permanently or long-term frequency response is obtained. It is to be noted that long-term frequency response from the WECS might not be desirable, since the power reserve in the WECS is not a reliable resource. Insufficient power to satisfy the long-term frequency response may lead to stability problems.
2) Short-Term Frequency Response: The inertial and droop terms in per unit are added to the error between inductor current reference (I * L 0 ) and actual inductor current (I L 0 ) as shown as "Branch 2" in Fig. 4 . If a PI controller is also used for the current regulator, the generated duty cycle is determined by
where k P 2 and k I 2 are the proportional gain and integral gain of the current regulator, respectively. Under a frequency dip, positive frequency response control terms drive the inductor current to increase. Hence, power output from the wind turbine increases and frequency support is provided. Due to the decrease in rotor speed and thus the wind turbine power reference, the negative power error fed to the power regulator reduces the inductor current reference and counteracts the increase in the frequency response control terms. Therefore, the increase in the power output from the wind turbine cannot be sustained. Any negative error between the wind turbine power reference and the actual power output forces the WECS to recover to its original operating point. Therefore, frequency response obtained through controller with Branch 2 is only available during the transient period. The WECS with this short-term frequency response controller does not provide a frequency support at a steady state even though the system frequency deviation exists. Therefore, the droop term typically used for load sharing is only applied to enhance short-term frequency response.
B. Frequency Response Strategy Using the UC
The two frequency response strategies discussed in Section IV-A utilize the mechanical power (i.e., kinetic energy or power reserve), which can be slow and cause a torque/electromagnetic stress to the WECS. Moreover, a sophisticated strategy is required to restore the WECS kinetic energy as well as the power reserve to avoid a second frequency event. The UC is superior in power density and charging/discharging rate, which can be capable of relieving the stress on the WECS by acting as a supplementary source of frequency response. The proposed strategy of utilizing the UC in short-term frequency response control is presented below.
1) Control Algorithm for the UC:
Since the UC is mainly responsible for providing the frequency response, similar frequency response control as proposed for the boost converter in Section IV-A is also used for the bidirectional converter. The control block diagram is presented in Fig. 5 .
By comparing Figs. 5 and 4, it can be seen that a washout filter [28] with a time constant of T ω is added in the droop branch of the frequency response controller. Due to the low energy density of the UC, the washout filter prevents the droop branch from being activated by a permanent frequency deviation, thus forcing the UC to provide only short-term frequency response. The power output reference (P * c ) set for the UC is
where P cg is the UC auxiliary charging power demand. This term is activated when the power reserve in the wind turbine is utilized to charge the UC. With the measured UC voltage, the current reference (I * Lc ) flowing through the inductor L c can be determined (i.e., I * Lc = P * c /V c ). The error between the inductor current reference and actual inductor current is fed into the current regulator to generate the duty cycle of the gate signal for the active insulated-gate bipolar transistor (IGBT) of the bidirectional dc/dc converter, while the other IGBT is blocked (antiparallel diode is active) depending on the charging or discharging state of the UC.
2) Control Algorithm for the PMSG: When the power reserve in the wind turbine is activated for charging the UC, the wind turbine is desired to increase its power output. Hence, a controller similar to the long-term frequency response controller as discussed in Section IV-A 1 is implemented. The boost converter controller used for coordinating with the UC controller to provide frequency response is shown in Fig. 6 .
An auxiliary control is added into the boost converter controller to increase the wind turbine power output when power reserve is used to charge the UC. To avoid excessive power extraction from the wind turbine and alleviate the stress on the wind turbine when sudden charging demand is requested, two limiters are implemented to the charging power demand P cg . One limiter [0, P res ] constrains the charging demand within the power reserve (P res ). The other limiter is used to limit the changing rate of the power demand on the wind turbine. A sophisticated charging algorithm can be used to generate the charging power demand to achieve multi-objective optimization, including maximum WECS power production, minimum power output fluctuation, etc. The optimization is not the focus in this paper and it is not discussed. A simple constant power charging approach [29] is used in this paper. The charging procedure aims to create no interference to the output of the WECS.
Certain conditions should be satisfied to enable the utilization of the power reserve for UC charging, which are illustrated with the logical diagram shown in Fig. 7 . First, the stored energy of the UC reaches a lower limit, which can be set as 25% (i.e., UC voltage reduces to the half of its rated value) [30] . Second, the RAPS network frequency is within the noncritical range to ensure that the power reserve is not utilized to charge the UC during a frequency event. Hysteresis comparator blocks are used to observe these two conditions.
V. SIMULATION AND DISCUSSIONS
The RAPS system shown in Fig. 1 is used as the test system to validate the effectiveness of the proposed frequency response strategies for the PMSG-based WECS.
A. Comparison Between UC-Based and Boost Converter Based Frequency Response Strategies
A frequency disturbance is created intentionally by a sudden load increase of 0.3 MW at the time of t = 40 s, which applies to the case studies in the following sections. The wind speed is assumed to be constant in this case study. Four scenarios are studied:
1) the WECS without frequency response control, which is used as a benchmark for other scenarios; 2) long-term frequency response strategy implemented in the boost converter controller of the WECS without the UC; 3) short-term frequency response strategy implemented in the boost converter controller of the WECS without the UC; 4) a frequency response strategy implemented in the UC controller of the WECS with the UC. The simulation results are shown in Fig. 8 . By comparing scenarios 2)-4) with scenario 1) in Fig. 8(a) , it can be seen that all frequency response strategies can improve the frequency regulation by reducing the frequency nadir. Fig. 8(b) shows that the mechanical torque on the turbine shaft is not affected by the sudden load increase in the scenario 4), whereas torque increases sharply in scenarios 2) and 3). Furthermore, torque oscillations are obvious for scenarios 2) and 3), which indicates that the drivetrain of the turbine is highly stressed when frequency response is provided by extracting mechanical power. It can also be seen from Fig. 8(b) and (c) that the mechanical torque and rotor speed in scenario 2) stabilize at a value different from the predisturbance value. Contrarily, the rotor speed and mechanical torque recover in scenario 3), which verifies the difference between long-term frequency response control strategy and short-term frequency response control strategy. Although the wind turbine power output does not change during frequency dip in scenario 4), the WECS power output increases due to frequency response supplied by the UC as seen in Fig. 8(d) . With the absence of frequency response from the WECS, nearly a step change in the diesel generator power output can be observed following the sudden increase in the load as shown by scenario 1) in Fig. 8(e) . The frequency response from the WECS significantly reduces the ROCOP at the diesel generator. Therefore, any of the proposed frequency response strategies is able to relieve the frequency regulation burden on the conventional generator. Nevertheless, frequency response extracted from the mechanical power simply shifts the mechanical stress to the WECS. The frequency response provided by the UC coupled on the dc-link of the WECS can effectively provide the frequency support while alleviating torque stress on both the conventional generator and the WECS.
B. Effect of the Supplementary Droop Control on Short-Term Frequency Response
As shown by the blue dashed curve in Fig. 9(b) , limited short-term frequency response can be supplied by the UC if the controller only implements the virtual inertia control strategy. Consequently, lower frequency nadir presents in the RAPS network [see the blue dash curve in Fig. 9(a) ]. Moreover, the power absorption by the UC during the period of frequency recovery prolongs the transient period. The introduction of droop control in short-term frequency response significantly improves the frequency response as shown by the red curve in Fig. 9 . Since no secondary frequency response is considered in this scenario, the network frequency stabilizes at a value different from the nominal frequency.
C. UC Charging Using Power Reserve in the Wind Turbine
For the purpose of demonstration, the SOC level to activate the UC charging with the wind power reserve is set at 98% in this case rather than the value (i.e., 25%) recommended in Section IV-B. The discharging and charging procedures are shown in Fig. 10 .
Upon the frequency dip at t = 40 s [see Fig. 10(a) ], it can be seen from Fig. 10(b) that the SOC reaches the lower limit after providing frequency response during the frequency disturbance. The charging process is activated around t = 75 s. The wind turbine power output starts to increase while the WECS power output remains constant, which becomes opposite when frequency response is provided (i.e., wind turbine power output remains constant while the WECS power output increases to provide frequency response). The power difference is absorbed by the UC, and the SOC of the UC increases. Since the UC is just slighly discharged, it does not take long to fully charge the UC. After the UC is charged to a certain level (e.g., SOC = 99%), turbine power ouput ramps down to an SOPPT operating point [as shown in Fig. 10(d) ] to avoid a sudden power increase from the WECS when the UC is fully charged and stops absorbing energy. The frequency variation is well regulated in a small range during the charging procedure as shown in Fig. 10(a) . The permanent frequency variation exists because no secondary fre- quency control is implemented in the RAPS system to recover the frequency back to the nominal value.
D. Applicability of the Frequency Response Strategy Under Variable Wind Speed
To further study the frequency regulation capability of the proposed frequency response strategy for the UC, the WECS under variable wind speed scenario is also investigated. Simulation results are shown in Fig. 11 .
A wind speed profile shown in Fig. 11(a) is taken as a snapshot of the real wind speed profile. Without the presence of the UC, the RAPS network frequency frequently exceeds the noncritical frequency zone as shown by the blue curve in Fig. 11(c) . Particularly, the frequency reaches as low as 49.8 Hz under the frequency disturbance as used for previous case studies at t = 90 s. The frequency response strategy implemented in UC control smooth out the frequency fluctuation and improves the frequency regulation under frequency disturbance by providing short-term frequency response [see the red curve in Fig. 11(c)] . Moreover, the ramp rate of the power output from the WECS due to the wind speed variation is reduced to some extent as compared to its counterpart when no frequency response control is implemented, as shown in Fig. 11(b) , which is another benefit of the proposed frequency response strategy. The smoothing effect is attributed to the absorption or injection of power in the UC regulated by the frequency response strategy. As can be seen from Fig. 11(d) , the SOC of the UC fluctuates, denoting continuous charging or discharging process of the UC. It can be seen that when the UC is fully charged at some time instants, it results in failure of constraining frequency within the noncritical zone by the UC [see Fig. 11(c) ]. This problem can be solved by maintaining a charging reserve in the UC or applying an additional emergency resistor as used for batteries in [31] .
VI. PROOF OF CONCEPT USING EXPERIMENT TESTS
A laboratory-scale RAPS system (see Fig. 12 ) similar to the architecture of the simulation model, as shown in Figs. 1 and 2 , is established to verify the proposed control strategy in the laboratory environment. The three-phase system mainly consists of a PMSG and a voltage source operating at 415 V (the voltage source replicates the response of the synchronous generator and it is not installed adjacent to the PMSG test rig, hence not shown in Fig. 12 ). The wind turbine is emulated by a squirrel cage induction machine driven by a variable-speed drive. The specifications of the UC are presented in Table III . The power converter control and the torque speed characteristic of the wind turbine are processed by the TMS320F28335 digital signal controller along with the interfaces.
Initially, the network frequency is 50 Hz and the emulated wind speed is 5.5 m/s. The PMSG and voltage source supply power to the load jointly and the disturbance (i.e., increase or decrease) in network frequency is generated passively by the voltage source. In the first test, conventional virtual inertia and droop-based frequency response (i.e., long-term frequency response) are implemented in the energy storage controller. The variation in frequency is presented as pink curve [see Fig. 13(a) ]. When the network frequency increases, the WECS increases its power output [see Fig. 13(a) ] by discharging the energy storage system [see Fig. 13(b) ]. The droop controller maintains the power output as long as the network frequency is not within the noncritical zone. An energy storage system may not be able to constantly absorb or inject the required power, particularly the UC of low energy density. Hence, the availability of long-term frequency response using the UC is undesirable. Fig. 14 shows the performance of the proposed short-term frequency response strategy achieved by virtual inertia and the supplementary droop [as discussed in Section IV-B 1]. It can be seen that the permanent frequency deviation does not trigger the frequency response supplied by the energy storage system. It is important to note that the turbine power output [as indicated by the yellow curves in Figs. 13(a) and 14] does not change during the frequency events; hence, the mechanical/electromagnetic stress is not applied to the wind turbine and PMSG while fre- quency response is provided. The constant difference between the turbine power and the WECS power mainly is attributed to the power loss in converters.
VII. CONCLUSION
In this paper, a UC-based frequency response strategy is proposed for a PMSG-based WECS. In this proposed strategy, the short-term frequency response is obtained by virtual inertia control, while the supplementary droop control enhances the frequency response. The UC responds to the frequency variation; hence, the wind turbine mechanical power output is not affected under frequency disturbance. Thus, the proposed strategy would relieve the mechanical/electromagnetic stress on both the conventional generator and the WECS. SOPPT is also applied in the WECS to reserve a part of the wind power for charging the UC, thus enhancing the effectiveness and reliability of the proposed frequency response strategy. Both simulation and experimental tests are carried out to verify the proposed control strategy. The results demonstrated the significant improvement in the frequency regulation capability of the WECS.
APPENDIX
See Tables I-III, shown at the top of the page.
